
 

 

 

 

 

 

 

 

Modelling and experimental characterization of an 
ionic polymer metal composite actuator 

PJ Friend 

orcid.org  0000-0003-2162-494X 

 

 

Dissertation submitted in fulfilment of the requirements for the 
degree Master of Engineering in Electrical and Electronic 

Engineering at the North-West University 

 

 

 

 

Supervisor:   Dr AJ Grobler 

              Prof G van Schoor 

     Dr D Bessarabov 

 

 

Graduation May 2018 

Student number: 23440228 

 



Abstract

This study is about modelling an ionic polymer metal composite (IPMC) actuator and

the experimental characterization thereof. In this study a brief background on IPMCs

are given to the reader and then the research that has been done in various fields that

are of importance to this study was discussed. From this the equipment required to

develop an experimental setup was determined. The experimental setup was designed

and mainly consist of a load cell, a laser displacement sensor, a data acquisition system,

and a clamp for the IPMC.

A grey box model was used that consist of an electrical equivalent circuit and an elec-

tromechanical model. The model was implemented in Simulink and was verified by

using parameters and results from literature. The parameter estimation that was done

in Simulink was also verified with those values. The model was developed for a Nafion

N117 sample plated with a Platinum loading of 10 mgPt/cm2. The model could suffi-

ciently predict the absorbed current and the blocked force.

The behaviour of seven different samples were investigated. Samples varied in terms

of the Platinum loading and the membrane thickness. The response of each sample

was investigated for different input voltages. The influence of input voltage, input fre-

quency, humidity and temperature was also investigated. It was seen that the ampli-

tude of the input voltage, the relative humidity and the temperature affect the response

of the IPMC greatly. The experimental data from the sample was used to validate the

model. The model could sufficiently predict the blocked forces and the displacement

for a step input.
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Chapter 1

Introduction

This chapter is an introduction where a brief background is given to the reader. This is followed

by the research objectives to show what the study is about and then the research methodology is

discussed. An overview of the rest of the document is also given.

1.1 Background

An ionic polymer metal composite (IPMC) is part of the electro active polymer (EAP)

group. An EAP is a polymer that expands, contracts or bends when an electric stimulus

is applied. It is mainly divided into two types, electric and ionic EAP. An IPMC is

an ionic EAP as ion movement causes the deformation. A typical IPMC consists of

a polymer membrane (Nafion or Flemion) film which is plated with a noble metal

(Platinum or Gold) on both sides to form the electrodes [2]. Inside the polymer the

anions are fixed and the cations are free to move. The water inside the polymer attaches

to the cation to form a hydrated cation. When a voltage is applied over the electrodes,

the hydrated cations move towards the cathode. This causes the membrane to swell on

the cathode side and shrink on the anode side due to the water being concentrated on

1



Chapter 1 Research objectives

one side. This causes the membrane to bend towards the anode. Figure 1.1 illustrates

this working principle of an IPMC. From this phenomenon it is clear that the IPMC

needs to stay hydrated to work effectively. Due to the nature of the IPMC it can be

used while submerged in a fluid. When the IPMC is physically bent it produces a

small potential over the electrodes. Its electromechanical properties make it possible

to use as an actuator or sensor. It has been shown that an IPMC can be constructed in

such a way that it can be used as a self-sensing actuator, which means a single piece of

polymer is simultaneously used as a sensor and actuator.

Some of the advantages IPMCs have is that it is lightweight and biocompatible. It is

easy to miniaturize and can operate in wet environments. It also requires low voltages

(up to 3 V) for large deformations with respect to the size of the IPMC. It is not per-

fect and has its disadvantages, namely back relaxation which is the phenomenon that

occurs after it has bent towards the anode some of the water starts to move back to its

original place causing the IPMC to slowly bend back to its original position. It gener-

ally has a low blocking force. The deformation is dependent on water and the IPMC ex-

hibits water loss due to evaporation and electrolysis which decreases its performance.

The properties of the IPMC make them very attractive in robotic and biomedical ap-

plications. Over the last couple of decades researchers have been looking at ways to

improve the shortcomings of IPMCs, how to model and control the IPMC and real

world applications.

1.2 Research objectives

The main goal of this study is to investigate the electromechanical properties of an

IPMC as an actuator. This includes the modelling and characterization of an IPMC

actuator. The effect of environmental conditions on the characteristics of the IPMC

will also be studied.

Doing research in this field may lead to new possible applications for platinum group

metals (PGM) which forms part of Hydrogen South Africa (HySA)’s goals. The elec-

2
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Figure 1.1: Principle of IPMC as actuator

tromechanical process is similar to proton exchange membrane (PEM) electrolysers

and compressors. By doing research on sensors and actuators that are based on PEM

technology there is a possibility to unlock certain fundamental relationships between

degradation and performance as well as related to water management processes.

1.3 Research methodology

The research methodology that was followed in this thesis is illustrated in figure 1.2.

It starts with a literature study. This is followed by developing an experimental test

setup to do the various experiments. Next, the IPMC actuator needs to be modelled.

Then the IPMC can be characterized through various experiments. Finally the model

used can be validated with experimental results.

Literature study
Modelling of an 

IPMC actuator

Development of 

experimental 

setup

Experimental 

characterization of 

IPMC actuator

Validation

Figure 1.2: Research methodology followed

3



Chapter 1 Issues to be addressed

1.4 Issues to be addressed

Literature study

A comprehensive literature study needs to be done by investigating the IPMC working

principle and the different variations of IPMCs that have been used. The experiments

that have been done on IPMCs and the different equipment required for the experi-

ments also need to be investigated. Where these sensors and actuators have been used

and where it is possible to use them will also be looked at. Different modelling meth-

ods that have been used needs to be investigated as a model will be used in this thesis.

Along with the models the methods used to validate these models will also be looked

at to decide how the model will be validated in the end.

Development of the experimental setup

To determine the specifications for the experimental setup, the main characteristics that

will be investigated must first be chosen. The various inputs and outputs that need to

be measured can then be determined. Along with the types of measurements, it is

important to know what the ranges of the measurements will be as it influences the

equipment required. The environmental conditions that the experimental setup will

be exposed to will be taken into consideration. From the specifications determined,

the types and ranges of measurements are available and the proper measuring equip-

ment need to be chosen. When choosing equipment the range and accuracy is very

important. The test setup must be designed with the ease of use in mind, with easy

and small changes when changing between experiments. The experimental setup will

be designed to comply with all the specifications.

4



Chapter 1 Issues to be addressed

Modelling of an IPMC actuator

From the literature, the different modelling approaches need to be compared to decide

what model will be used. It is also important to decide what the model must be able

to predict and under what conditions. The process of building this model will start

with a basic model, the model will be tested and more complexity can then be added

for better accuracy or to add more features to the model. The environment in which

the model will be simulated needs to be chosen. The simulated results from the model

will be compared to the experimental results. The model also needs to be verified and

this can be done by comparing results from the model with results found in literature.

Experimental characterization of IPMC actuator

The characteristics that will be investigated will be determined from the literature. The

various experiments will be done and each experiment will be repeated multiple times

to ensure better results. Different experiments can be done to study the effects that

different inputs and different environmental conditions might have on the actuator. It

is critical that during all the experiments that the samples used are kept hydrated to

ensure the performance stays the constant during experimentations. The data from the

experiments will be used to characterize the IPMC actuator.

Validation

In the validation phase, the data from the model’s simulations will be compared to the

experimental results to determine if the model could predict the output of the IPMC

actuator sufficiently. The model can also be tested under different conditions to deter-

mine under what circumstances the model can successfully predict the behaviour of

the IPMC actuator and where it fails to predict the behaviour.
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1.5 Document overview

In Chapter 2 the different research that has been done in the field is discussed. There

are a wide variety of categories in which research has been done on IPMCs which

includes improving the IPMC properties, modelling and control of IPMCs and using

them in applications. How this research was used for the purpose of this study is also

discussed.

Chapter 3 explains how the experimental test setup was designed. The equipment cho-

sen to measure the necessary inputs and outputs are discussed. The relevant hardware

and software that is required to be able to take the measurements is also described.

The mechanical setup and the integration of the whole setup is discussed.

Chapter 4 is about how to model an IPMC actuator. It describes the electromechanical

model that was chosen and how it was implemented. Parameter estimation is done to

determine the parameters from experimental values. The model is also verified in this

chapter.

In Chapter 5 the experimental characterization of the IPMC actuator is done. Samples

with different thicknesses and Platinum loadings were investigated. The effect of the

amplitude and frequency of the input voltage was studied. The effect that humidity

and temperature have on the actuator was also investigated. The model from Chapter

4 was validated with experimental results.

Chapter 6 is a conclusion of the study that was done. In this chapter some remarks on

the results achieved in the study is discussed and recommendations for future work is

given.
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Literature survey

In this chapter different types of research that has been done on IPMCs were studied. This in-

cludes what has been done to improve IPMCs, the effects that environmental conditions have

on IPMC actuators and sensors, different modelling and control methods that have been used,

and the applications of IPMCs actuators and sensors.

2.1 Enhancement of performance

In IPMCs there are many factors that influence its performance, like the type of mem-

brane used, the thickness of the electrodes, the electrode surface resistance and the

amount of water inside the membrane. It is also well known that IPMCs have its

drawbacks, like back relaxation and water loss. Many studies have been done on min-

imizing these drawbacks and improving the performance of the IPMCs in general.

It is possible to change the counter ion inside the membrane and the performance of

different counter ions have been compared where it was seen that Lithium (Li+) as

counter ion delivers the largest blocked force [3]. The effect of surface resistance has

7



Chapter 2 Enhancement of performance

also been investigated in [4] and it was seen that an increase in forces of up to 20%

can be achieved when a thin layer of silver or copper is deposited on top of the plat-

inum layer of the IPMC. The effect of the thickness of the electrode layer has also been

investigated and from experimental results it was seen that there is an optimal thick-

ness which is approximately 2 µm [5]. The experimental setup used can also influence

the performance as [6] showed that there is an optimal point in the clamping pressure

where best performance can be achieved.

A study on the lifetime of Ag-IPMCs was done in [7]. From literature it was found

that an encapsulated IPMC will be more protected against water loss when operated

in air. A parylene coating was chosen for this purpose. It was reported that IPMCs

with ionic solution can operate longer in air. From specifications for the electrolyte

solvents found in literature, the authors decided on propylene carbonate. LiClO4 was

used as electrolyte salts. The lifetime of the IPMC with water as solvent and the IPMC

with ionic liquid as solvent was tested. Both IPMCs were also tested with a parylene

coating. By using this ionic liquid and the coating, the lifetime of the IPMC was almost

15 times longer.

In [8] the authors study the recent advances of IPMCs and the modelling and applica-

tions thereof. In section 2 they focus on the development of high performance IPMCs.

Different improvements from literature on the material are stated. This includes the

using of ionic liquids as solvents, nanoparticle reinforced Nafion-IPMCs, and multi-

walled carbon nanotube based electrodes. Different hydrocarbon-based polymers that

could be used instead of the conventional Nafion membrane are discussed. These poly-

mers show advantages like a larger tip displacement and no back relaxation.
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2.2 Environmental conditions

2.2.1 Temperature dependence

In [9] the IPMC’s capability to operate in sub-zero temperatures was investigated. The

IPMC that was tested used water as a solvent. The hydration of an IPMC influences

the ionic conductivity of the material. The deformation and the blocking force of the

IPMC is dependent on the ionic conductivity. This investigation was done to determine

how the IPMC can actuate at temperatures lower than the freezing point of water. At

temperatures below 0 ◦C only some of the water in the IPMC had frozen. The blocking

force of the IPMC was tested at different temperatures below 0 ◦C. The blocking force

was plotted against the input voltage at −30 ◦C. The slope of the blocking force at

−30 ◦C had a parabolic form where at room temperature the blocking force versus the

input voltage is more linear. There is a notable decrease in the blocking force at sub-

zero temperatures. The author modelled the blocking force for varying temperature

based upon the ion conductivity but the behaviour of the IPMC was more complex as

there was a large difference between the estimation and the actual blocking force below

0 ◦C. The IPMC can operate at low temperatures if the supply voltage is increased to

get the desired blocking force.

2.2.2 Humidity dependence

The effect of the ambient humidity on the sensing characteristics of IPMCs was in-

vestigated in [10]. The frequency response was measured at various humidity levels.

Constant-voltage charging experiments were also conducted at different humidity lev-

els. The relative humidity range was 38% to 80%. The humidity-dependent parameters

were identified. The following physical parameters change with a change in relative

humidity: Young’s modulus, strain-rate damping coefficient, viscous air damping co-

efficient, dielectric constant and the ionic diffusivity. From this a model was developed

that includes the dependence on the humidity. The humidity-dependent model was
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compared to the humidity-independent model and the experimental data. From the

frequency response it is clear that the humidity-dependent model corresponds with

the experimental data.

The electrical characteristics of a Nafion-based IPMC with ionic liquid were evaluated

at different humidity levels [11]. Tests were done at 20%, 40%, 60% and 80% relative

humidity (RH). An equivalent circuit model was developed which consists of a mem-

brane resistance in series with the double layer capacitance which is then connected

in parallel with the geometric capacitance. The membrane resistance decreases expo-

nentially with an increase in relative humidity. The double layer capacitance increases

with an increase in humidity. This capacitance increases more rapidly with the increase

in humidity at a higher voltage.

2.3 Modelling

The modelling techniques used can be divided into three categories namely black box

models, grey box models and white box models. Black box models don’t contain any

physical information and is solely based on system identification. These models give

a good estimation of the response of the IPMC but as it doesn’t contain any physical

information it isn’t scalable and can’t be used on other IPMCs. Grey box models take

the well-known physical phenomena of the polymer and represent it more graphically

with equivalent circuits. These models are less complex but still contain a sufficient

amount of physical information and is more practical when designing a system where

an IPMC is used. White box models attempt to model the fundamental physical mech-

anisms that cause the actuation. The complexity of these models are much higher than

the other models but it can accurately describe the behaviour of the IPMC and more

complex shapes can be modelled [12].
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2.3.1 Black box models

In [13] the authors developed a neural network model to model the hysteresis of an

IPMC sensor. A compensator was developed based on the neural network model to

reduce the effect of hysteresis. This was done to be able to get an approximately linear

relationship between the input and output of the IPMC sensor. With this model it was

possible to compensate for the effect of hysteresis and it achieved satisfactory results

in producing a linear input-output relationship.

In [14] a model that takes hysteresis and the dynamics of an IPMC sensor into account

was proposed. First they make use of a hysteretic operator to transform the multi-

valued mapping of the input and output of the hysteresis in the IPMC sensor to a

single valued mapping. The nonlinear dynamics of the IPMC sensor is described with

a nonlinear auto-regressive and moving average model with exogenous input. A d-

step-ahead nonlinear predictive scheme was used to compensate for the time delay

that may exist in the IPMC sensor. A model based predictive compensator is proposed

to eliminate the effect of hysteresis, the dynamics and the time delay of the sensor.

The proposed model method showed better results than the neural network based

strategy [14].

A nonlinear black box model was proposed to model the bending behaviour of an

IPMC in [15]. A general multilayer perceptron neural network that has one input,

one output and hidden layers was built. A smart learning mechanism based on an ex-

tended Kalman filter with self-decoupling ability was used to train the neural network.

This model could accurately predict the tip displacement of the IPMC.

2.3.2 White box models

Samaranayake [16] used finite element method (FEM) to describe the three dimen-

sional behaviour of an IPMC actuator. He used similarities between the electro-mechanical

behaviour of an IPMC and the thermal expansion and contraction of a bi-metallic strip
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to model the behaviour of the IPMC. The contraction and expansion theory was used

to predict the deflection of the IPMC while the large deflection theory was used to de-

termine the shape. From mathematical equations it was shown that the strain of the

IPMC is linearly dependent on the applied voltage. The model is based on the fact that

the volume change due to ion transport is the same as the deformation in a bi-metallic

strip due to a temperature difference. Samaranayake stated that the advantage of this

modelling approach is that it would be possible to simulate the deflection of an IPMC

of any odd shape without having to construct it first. To determine the shape of the

IPMC a large deflection model was used where it was assumed that the IPMC beam

was under a uniformly distributed load. This model uses a strip to determine the char-

acteristics of the IPMC which is used to refine the model. After this the model can be

used to predict the behaviour of a more complex shape of IPMC. A design procedure

was described. The large deflection and small deflection model was compared with

experimental results where it was seen that the large deflection model determined the

shape correctly. A strip was used to refine the model parameters and the model was

used to predict the behaviour of a semi-circular shape. The model was able to predict

the deformation of the semi-circular IPMC.

The author in [16] used the principle of the thermal expansion of a bi-metallic strip to

model the large deflections of the IPMC actuator. The bending motion of an IPMC with

an applied voltage is similar to the deformation of a bi-metallic strip when it is exposed

to a temperature difference. It is possible to simulate the deflections of any shape

IPMC before it is constructed. To achieve this a strip must first be made from the exact

same material. The FEM model for this strip is then developed. From experiments

the parameters of the FEM model can be refined to match the actual deflections. This

model can then be used to simulate any shape of IPMC that is made from the exact

material. This was tested with a semi-circular shaped actuator and the experimental

data agreed with the FEM simulation.

Simpson developed a finite element analysis (FEA) model that can predict the deflec-

tion and force of an IPMC actuator [17]. The force model uses equations that are based

on physics. There is one parameter that must be experimentally determined for the
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specific sheet of IPMC. The model was used to determine the effect that the shape and

size of the IPMC has. A rectangular and triangular shape was modelled. The force of

the triangle is almost half of that of the rectangle. The deflection of the triangle was

also slightly smaller than that of the rectangle. The deflection of the rectangular IPMC

had an error of 2.77% and the force had an error of 23.37% whereas the deflection and

force of the triangular IPMC had an error of 13.3% and 4.92% respectively. This model

has a large error in the determination of the force.

2.3.3 Grey box models

An intuitive graphical representation of the governing equations of a system can be

obtained by using an equivalent circuit with lumped parameters. If defined properly,

the circuit elements can have clear physical interpretations that enables the user to

investigate the relationship between elements without having to study the underlying

equations [18].

Throughout the literature there are a few different grey box models that make use of

an equivalent circuit together with a couple of mechanical equations to model the be-

haviour of an IPMC. These models vary in complexity and most of the current models

are some sort of derivation of the model Newbury et al proposed [19].

Newbury et al proposed a linear electromechanical model for IPMCs that can be used

to model a sensor or actuator in a single framework [19]. The author also wanted to

use the model to compare the electrical, mechanical and electromechanical coupling

properties of IPMCs with other transducers. An equivalent circuit model is used and

the energy conversion between the electrical and mechanical domain is done by using

an ideal linear transformer. According to the author this type of model has been used

to model piezoelectric transducers, electromagnetic speakers and electrostatic devices.

Considering the IPMC as a cantilever beam, it is possible to derive an equation for the

mechanical impedance due to the stiffness of the IPMC. An inertial term also repre-

sented as a mechanical impedance is used to improve the accuracy as the frequency
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approaches the first natural frequency of the IPMC. The electrical circuit is made up

of two components, a resistor and an impedance which represents the dc resistance

and the ability to store electrical charge respectively. For simplicity the IPMC was

viewed as a homogeneous material with perfectly conductive electrodes. The IPMC

has a high resistance at dc and a small resistance at high frequencies with a high capac-

itive component at intermediate frequencies. The impedance of the electrical circuit

thus consists of multiple parallel branches with a resistor and capacitor in series. The

electromechanical coupling is represented the turns ratio of a linear transformer. The

equations used to determine the electromechanical coupling is similar to that used in

piezoelectric transducers. The various circuit elements are described through material

properties and transducer dimensions. The input-output relationships can be used to

compare transducer technologies and to get a better insight in how different dimen-

sions effect the performance, which is a useful design tool.

In [20] Newbury et al looks at the parameter estimation and model validation through

various experimental results. Due to various factors the experimental validation was

not an easy task. Some of these factors were to keep the IPMC at a constant hydration

level as it was tested in air and back relaxation when a step voltage is applied. Due

to variations in performance of transducers with similar dimensions the parameter

estimation and model validation was done on the same IPMC. Through experiments

it was shown that between 0 - 20 Hz the IPMC acts predominantly as a linear elastic

material which means viscoelasticity is not significant in the frequency range of this

work. The author stated that the highest charge densities are achieved at frequencies

of 0.1 Hz and below.

In [2] Bonomo et al presents a new nonlinear lumped parameter model to describe the

electrical behaviour of an IPMC actuator. The author described three types of currents

namely ionic, electronic, and displacement current. From this an equivalent circuit

was developed. Tests were done at various frequencies and voltages. From the I-V

characteristics it was seen that at low frequencies (10 mHz - 10 Hz) there is a nonlinear

behaviour. At frequencies between 10 Hz and 500 Hz the behaviour is capacitive. At

frequencies higher than 500 Hz the IPMC has a resistive behaviour with no deforma-
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tion observed.

From this a nonlinear dynamic grey box model was developed. It uses a nonlinear

electrical model to describe the absorbed current when a voltage is applied over the

electrodes and then an electromechanical model is used to derive a relationship be-

tween the absorbed current and the actuation of the IPMC [18]. The model used has

similarities to that of [19] as the electrical circuit was used and improved to make it able

to predict the nonlinearity that would occur at voltages higher than 1.2 V. The system

was mainly modelled in the time domain due to the nonlinearity of the model. IPMCs

with different types, dimensions, and counter-ions were tested experimentally. The

model consist of two stages, a nonlinear electrical stage that determines the absorbed

current from the input voltage and a linear electromechanical stage that determines

the blocked force or tip deflection from the absorbed current from the first stage. The

electrical stage was improved from previous work like [19] by adding a section to rep-

resent the nonlinearly in the current due to the applied voltage and a surface resistance

is also introduced. It was stated that two parallel RC branches in the equivalent cir-

cuit can predict the dynamic behaviour with less free parameters. The model proved

accurate enough to predict the behaviour of the IPMC.

Various authors used the model from [18] with some changes. Authors have used sim-

plified versions of this model like [21] who used only one RC branch with no nonlinear

part in the electrical stage. In this paper the authors used the total electric charge to

determine the displacement and also used the cantilever beam theory to determine the

force. The model could predict the displacement for inputs 1 Hz and below. Other au-

thors like [22] also explored a more complex version of this model. Where the clamped

section of the IPMC was also modelled in the electrical stage. The clamped section

looks similar to the free section with the surface resistance between the two sections.

The steady state current was modelled using a third order polynomial that is depen-

dent on the input voltage, this was done by using variable resistors for both steady

state resistors. The mechanical stage was also done differently by using a segmented

mechanical beam to enable more precise prediction of the bending curve by predicting

the tip bending angle and the blocked torque rather than the linear displacement and

15



Chapter 2 Control

blocked force. This model was accurate for inputs up to 3 V. It is also scalable and

external load as an input.

Various authors proposed equivalent circuit models that are more simplified that could

predict the outputs it was designed for. Diab proposes an electro mechanical model to

predict the behaviour of an IPMC when a voltage is applied over the electrodes [23].

The model consists of two integrated blocks. The first block is the electrical model that

is derived from the electrical properties of the IPMC, a RC circuit with a dc voltage. The

second block determines the deformation of the IPMC from any load that is applied.

The electrical model was simplified to a RC circuit that consists of the capacitance and

resistance of the IPMC, the applied voltage and the voltage across the capacitor. The

mechanical model starts with a free body diagram of the IPMC beam attached to a

fixed support. The density per unit load that is applied along the cantilever beam is

derived from the electrical model and the load force is applied at the tip of the beam.

From the structural analysis the displacement under a specified load with a specified

applied voltage can be determined. This model is able to predict the load that the

IPMC can hold at a specific applied voltage. The model can predict the load and the

deflection and can be useful in applications like micro-grippers.

2.4 Control

To be able to use IPMCs in applications it must be able to give the required responses

and for this some type of control is necessary. A wide variety of techniques have been

used in the control of IPMCs in specific applications. These techniques include feed-

back and feedforward control. Some of these techniques are proportional-integral-

derivative (PID), nonlinear control, robust control and iterative feedback tuning. This

enables the designer to ensure that the IPMC acts as planned, as some of the drawback

can be compensated for in the control. There are various methods that can be used to

control the output of an IPMC and in this section a few of the methods are described

to show that it is possible. Most methods are divided into feedforward or feedback
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controllers where the feedback approach is the most used [8].

According to [24] the creep characteristics of IPMCs limits the further application of

IPMCs in integrated systems. A control method to resist this creep effect was proposed.

The authors developed and tested the feasibility of a sliding mode control controller

for IPMCs with different shapes and dimensions. Force and displacement experiments

were done and showed that this is an effective control method.

[25] stated that a precise and robust control scheme is required to be able to control

IPMCs in a predictable manner and to minimize the effects of external disturbances.

An adaptive feedforward control scheme for the control of the displacement of an

IPMC was proposed. It consisted of three parts, adaptive system identification, an

adaptive feedforward controller, and adaptive noise cancellation. The controller could

accurately capture the dynamics of the system, had satisfactory reference-tracking, a

fast convergence, and the noise cancellation provided a tolerance against sensor noise

and external disturbances.

In [26] the authors propose using an artificial bee colony operator approach to achieve

precise position control. A nonlinear dynamic model with uncertainties was used for

the IPMC. A robust right coprime factorization approach is used to develop a robust

control system for the IPMC. A PI controller was used and the artificial bee colony

algorithm was used to obtain the parameters for the PI controller. It was shown that

the IPMC control output tracks the desired reference.

In [27], an IPMC actuator was used in an inverted pendulum on a cart system. This was

done to validate if IPMC material can be used in more complex applications where the

actuator undergoes large deformations. A full-state linear quadratic optimal controller

and a full-state observer was designed. Using a virtual cart position as feedback rather

than the actual cart position it was possible to stabilize the pendulum repeatedly. A

surgical tool using IPMC actuators was developed and tested by Fu et al. A strain gage

is used to measure deflection on the cantilever beam. The output force was controlled

from the feedback of the strain gage. A simple linear PI controller was used to control
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the cutting depth and it maintained a cutting force of 1 gf [28].

[29] developed a control scheme to achieve constant finger-tip displacement for a two

finger microgripper without making use of external sensors. The microgripper is made

from two IPMCs where one is used as the actuating IPMC and one is used as the sens-

ing IPMC. A one degree of freedom PID controller was tuned using iterative feedback

tuning. The control scheme has a zero steady state error for displacements up to 0.25

mm and 15 and 20 % steady sate error for a displacement of 0.45 and 0.75 mm respec-

tively.

2.5 Applications

2.5.1 Actuator

Lumia et al shows the design of a microgripper that aims at being used for the gripping

and manipulation of micro-organisms [30]. The gripper consists of two fingers made

from ionic polymer metal composite (IPMC) which is compliant and can operate in

dry and wet conditions. A force model was developed. Experiments were done with

different finger sizes and with rigid and flexible objects. The gripper could lift an

object of 15 mg with a force of 85 µN. It was found that a IPMC microgripper is suited

for manipulation of bio-materials. Various other microgrippers have been developed

[31–36].

An underwater microrobot was developed as it can be used in underwater monitoring

operations [37]. By making use of 10 IPMC legs the robot is capable of walking, rotat-

ing, grasping and floating motions. The IPMC actuator was modelled as a supported

cantilever beam. The robot used three proximity sensors to avoid collision with ob-

jects. The robot could float by applying a very low frequency (0.05 Hz) signal to four

of the legs to electrolyse the water next to these IPMC legs. The robot was able to float

with a maximum payload of 0.3 g. According to the authors, grasping small objects
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while walking or floating was the most important function of this microrobot. Various

other types of microrobots have been developed [38–42].

Micropumps have the potential to be used as biomedical devices and micro systems

[43]. A new diaphragm was designed using FEM simulations of the displacement and

strain of the IPMC. The diaphragm was fabricated and tested. The displacement was

tested at different voltages and different frequencies. The deformation was improved

from 0.2 mm of the conventional design to 0.4 mm. The performance of the conven-

tional design decreases rapidly after 8 min whereas the new design had a stable op-

eration for 35 min. [44] did experimentation and characterization of an IPMC as a flat

valve micropump.

Feng et al developed and tested a digitally controlled 5 x 5 tactical display [45]. Each

PDMS bump was driven by two IPMC actuators. Each actuator has an individual

control circuit which makes it possible to have four modes of operation. With this

device it is possible to produce a normal or shear contact when the bump touches a

fingertip to develop a refreshable braille display.

2.5.2 Sensor

An IPMC is used to develop a flow meter based on the vortex shredding phenomenon

where the application of low cost, usability, and disposability is essential [46]. Tests

were done in the range of 4 to 30 lmin−1. An electronic circuit is used to measure

the frequency of the IPMC output to determine the flow. It was reported that a mass

flowmeter can be realized from this flowmeter.

In [47] an apparatus to measure the density and viscosity of a fluid is developed by

using two IPMC’s, one as actuator and one as sensor. By exploiting the vibrational

characteristics of a cantilever beam immersed in a fluid, the vibrations can be measured

to determine the density and viscosity of the fluid in which the beam is immersed.

The authors in [48] developed a module that generates electrical energy from the ver-
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tical waves and horizontal currents in the ocean from a newly developed graphene-

based IPMC. A moveable power system was designed to supply a stand-alone offshore

plant. The system that consisted of 9 vertical modules and 9 horizontal modules was

built and tested. The system delivered electrical energy over the target of 120 Wh up

to 600 Wh for 20 days. Due to the growth of algae and barnacles the stiffness of the

IPMCs were increased which lead to lower power outputs after 20 days.

In [49] Kruusame et al reviews what has been done regarding self-sensing IPMC actu-

ators. A self-sensing actuator is a device which acts as an actuator and a sensor simul-

taneously. The methods to measure the sensing signal from the actuator are divided

into three groups. The first is to make use of external circuitry to determine the sensing

data from the input voltage or current. The second group consists of connecting extra

leads for direct measurements. The last group uses a special signal that is modified

for sensing purposes as the driving voltage. In all these methods electrical noise is a

challenge. A different approach to making a self-sensing actuator is to pattern the elec-

trodes to form two parts that are electrically isolated and use one part only as a sensor

and the other only as an actuator. Due to the shared polymer backbone there is a good

mechanical coupling. There is still cross-talk and can be successfully suppressed by

implementing the following two methods. Creating an electrode between the actuator

and sensor and connecting it to ground. By connecting the opposite sensor electrodes

in a bridge configuration to cancel out the common mode noise. These two methods

can also be used together. It is also possible to connect a sensor and actuator mechani-

cally. It can be a combination of IPMC sensors and a IPMC actuator or IPMC actuator

with PVDF sensors. A strain gage can also be bonded to the IPMC actuator.

2.6 Critical literature review

From the literature it was seen that there are many possibilities for IPMCs to be used as

actuators and sensors. It was shown that it is possible to model and control the output

of the IPMC. It was also seen that the temperature and humidity have an influence on
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the performance of an IPMC. From this it was decided to make use of a simple model

to be able to model the response of an IPMC as an actuator and investigate how the

performance is effected by the environmental conditions namely humidity and tem-

perature. The characteristics of various types of samples will also be investigated to

get a better understanding of how the thickness and the electrode thickness influences

the outputs. From the literature it was clear what is required in terms of the experi-

mental setup.
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Experimental setup

From the literature survey it was clear that there are a few key aspects to building the experimen-

tal setup. The current drawn, the displacement, and the force of the IPMC must be measured.

Some kind of clamp to hold the IPMC, and also apply a voltage over the electrodes, is required.

In this chapter the equipment chosen, the relevant hardware and software that will be used, the

mechanical setup and the integration of the whole setup will be discussed.

3.1 Hardware selection

To investigate the electromechanical properties of an IPMC there are a few measure-

ments that must be taken. The first is to measure how much the tip of the IPMC bends

under an applied voltage. In the literature it was seen that the two most common

methods to measure this displacement of the IPMC is with a camera or a laser dis-

placement sensor. Each of these methods have their advantages and the best option

for this specific study must be chosen. The camera can give more information than

just the tip displacement, like the curve of the bending. The laser sensor usually has

a much higher resolution and will be able to measure smaller displacements than the
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camera. To get accurate readings from the camera the correct software is required. The

camera also works better for large displacements as the curl can cause the IPMC to

bend out of the line of the laser. For the purposes of this study a laser displacement

sensor was chosen. The IPMCs that are going to be used in this study are similar to that

found in literature and the authors measured the displacement with the laser sensor.

As similar displacements were expected the laser sensor would be sufficient. The laser

sensor had to have a small form factor as the entire setup has to be small enough to fit

inside an environmental chamber (Espec SH-262). The chosen sensor, optoNCDT1420-

25 from micro-epsilon, has a range of 25 mm which gives 12.5 mm in each direction.

This sensor has a resolution of 1.25 µm. It has a built-in controller and the output can

be measured with a data acquisition system.

To measure the force of the IPMC a load cell was required. In the literature the most

authors used a 10 gf load cell as the forces to be measured are very small. When looking

for a load cell the 10 gf was the smallest that was available. A few load cells were

compared and the GSO-10 from transducer techniques was chosen. This specific load

cell was also used by many authors. Its nominal resistance is 350 Ω and has a rated

output of 1 mV/V and a 10 V excitation voltage which means for 10 gf the output

will be 10 mV. An amplifier is required to amplify this signal to a signal that is more

readable. The LCA-RTC load cell amplifier was used to give an excitation voltage to

the load cell and to amplify the signal to a more readable value. This amplifier can be

used with various load cells with different properties and it had to be set up. It was set

up for a 10 V excitation voltage, an 0 to ±10 V output, and a 1 mV/V signal sensitivity.

The current that the IPMC draws must also be measured. A 1 Ω resistor was placed in

series with the IPMC and the voltage over the resistor was measured to determine the

current drawn. More detail of the electrical connection can be seen in section 3.2.

A data acquisition system was required to be able to log and plot the different mea-

sured values. A National Instruments cDAQ-9174 was used. To measure voltages the

NI 9205 module was used. The NI 9263 module was used to generate a voltage signal

to power the IPMC. The NI 9217 module is an resistance temperature detector (RTD)
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module that was used to implement the four probe method as it supplies a small cur-

rent and measures the voltage. This is discussed in more detail in Section 3.2.

To measure the dry and hydrated weight of the different samples a scale (Adam PGW

253e) with a resolution of 0.001 g was used.

3.2 Electrical system

Some basic hardware components were still required to finish the test setup. A dia-

gram to illustrate all the major components and how they are connected and the ex-

pected signals was drawn in Figure 3.1. This was used to help integrate all the compo-

nents as it made it clear what inputs or outputs between components were required.

A 24 V power supply was used to power the load cell amplifier and the laser displace-

ment sensor. One channel on the NI 9263 was used for the input signal to the IPMC.

The current that the module can deliver is 1 mA and the IPMC can have a peak current

in the range of 200 mA depending on the IPMC and the input signal. A current ampli-

fier that could deliver 300 mA, was used to be able to supply the IPMC with sufficient

current.

The laser displacement sensor’s output is 4 − 20 mA and to make use of less data

acquisition modules this output had to be converted to a voltage output. This was

done by using a 500 Ω resistor and measuring the voltage over it. This changes the

output of the sensor to 2 − 10 V which can be read with the NI 9205. The output from

the load cell amplifier can be ±10 V but as only compression will be measured with the

load cell a value between 0 and 10 V is expected. This is read on one of the channels of

the NI 9205. The voltage applied to the IPMC is also measured by the NI 9205.

To measure the current that the IPMC draws, a 1 Ω resistor was placed in series with

the IPMC and the voltage over it is measured. As a maximum of 200 mA was expected

the expected voltage would be ±200 mV. The reference voltages of the channel can be
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Environmental chamber

Lo
ad

 c
el

l

La
se

r 
se

n
so

r

Load cell 
amplifier

Computer

Power 
supply

24 V dc

24 V dc

0 – 10 V

 2 – 10 V 

10 V dc

0 – 10 mV 

Shunt resistor 
(1Ω)

 +- 200 mV

RS485

NI9205 CH1

NI9205 CH2

NI9205 CH3

NI9205 CH4

NI 9263 CH1

Current 
amplifier

+- 5 V +-5V

IP
M

C

Clamp

Figure 3.1: Overview of electrical integration

adjusted to 0.2, 1, 5 and 10 V to be able to measure more accurately by making use of

most of the readable range.

The laser displacement sensor has the capability of communicating to a computer via

RS485. A RS485 to USB converter circuit was made to be able to use this functionality.

As the measurements are done with the data acquisition system, this extra feature was

mainly included to be able to easily set the middle point and set up the sensor. It can

also be done without the computer interface. A printed circuit board (PCB) had to

be designed for this circuit, the current amplifier, the current sensing resistor and the

resistor for the laser sensor. A schematic of the electrical connection of all hardware

components can be seen in Figure 3.2.

To accurately measure the surface resistance of the IPMC the four probe method has

to be used. For this method a small constant current must be supplied to two points

on the IPMC surface and then the voltage must be measured on the surface. Figure

3.3a shows how it must be measured and the dimensions for the contact points were
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Figure 3.2: Electrical diagram of experimental setup
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included. The dimensions were chosen to be able to measure directly on the sample

that was going to be investigated. The resistance is then used to calculate the surface

resistance of the specific sample. To implement this, pieces of copper sheet was cut into

the correct sizes for the contact points and was fixed to a piece of plastic to make sure

they are always the correct distances apart, and this setup can be seen in Figure 3.3b.

3.3 Mechanical setup

To organize the hardware neatly, a box was made where all the hardware components

that don’t fit inside the environmental chamber can be placed. A basic box was made

from Perspex and the power supply, load cell amplifier, data acquisition system, and

the designed PCB was placed inside. Plugs were added to easily connect and discon-

nect the main power, the load cell and the laser displacement sensor. A photo of this

hardware setup is shown in Figure 3.4.

For the setup the load cell, laser displacement sensor, and a clamp for the IPMC must

be placed inside the environmental chamber. The load cell must be movable as it must

be against the IPMC when used and away from it when displacement experiments are

done. A setup was designed where it is possible to move the laser sensor and the load

cell while the IPMC clamp stays at a fixed place. This was done by using two rails and

making two platforms that move on it. The idea behind it was also to make it possible

add a few components later to change the setup to be able to test the sensor properties

of the IPMC. This can be done by adding a stepper motor, a screw and fixing a nut to

one platform. The platform can then be moved to displace the IPMC and the voltage

can be measured.

The clamp was designed to be able to change the clamping force as this can influence

the performance of the IPMC. The clamp was made with two Aluminium contacts.

One is fixed to the structure and the other is pressed towards it with a cylinder. The

air pressure is used to change the clamping pressure. The clamp is fixed in such a way

that the IPMC would be orientated in a vertical position which was done to minimize
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(a)

(b)

Figure 3.3: (a)An illustration of how the four probe method works and (b)a photo of

how the four probe method was implemented for this study

Figure 3.4: Photo of hardware setup
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the effect that gravity would have on the displacement. This entire setup is then placed

inside the environmental chamber and can be seen in Figure 3.5

3.4 Software for data acquisition

This data acquisition system is mostly used with its own software, namely LabView. It

was difficult to achieve the outputs required with this software but would be possible

with much more experience in using the program. Due to this issue Matlab was used

instead of LabView. A script was written that sets up each module and channel of the

data acquisition system in Matlab. It then generates the output signal and measures all

the inputs, and saves the data in a file. The data can then be retrieved from the file at

any time and be used to plot all relevant data.

3.5 Experimental method

The following steps were used in most of the experiments done:

Step 1: Remove IPMC from water

Step 2: Remove all excess water by tapping surface with tissue paper

Step 3: Clamp IPMC in the setup at a specific clamping pressure

Step 4: Turn environmental chamber on and set to specific temperature and humidity

Step 5: Wait approximately 30 minutes for the IPMC to be in equilibrium with the set

humidity

Step 6: Turn environmental chamber off to reduce the vibration effect on the IPMC

Step 7: Do experiment

Step 8: Hydrate sample before next experiment
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Figure 3.5: Experimental setup inside the environmental chamber

For experiments done at room temperature steps 4, 5 and 6 were ignored. This was a

guideline for all experiments and any deviations from this will be discussed with the

specific experiment. Short experiments were done to ensure that the environment in-

side the chamber won’t deviate while it is switched off. It was switched off when doing

the experiments because the fan blowing causes the IPMC sample to move slightly. It

would be possible to filter out this high frequency movement. It was decided to rather

eliminate this effect as it might still have an influence on the displacement even when

the high frequency movement is removed. Due to the effect that the clamping pressure

has on the performance of an IPMC as seen in [6], all the experiments were done at a

constant clamping pressure.

3.6 Conclusion

In this chapter the design of the experimental setup was discussed. The main com-

ponents are a data acquisition system, a load cell, a laser displacement sensor and the

IPMC clamp. The laser sensor used is a optoNCDT1420-25 from micro-epsilon. The

load cell used is the GSO-10 from transducer techniques that is used together with

the LCA-RTC load cell amplifier. A clamp was manufactured from Aluminium. A NI

cDAQ-9174 was used with the NI 9205, NI 9263 and NI 9217 modules. The experimen-
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tal setup is placed inside the Espec SH-262 environmental chamber to be able to test at

various temperatures and humidities.

One of the main challenges of the setup was to build the setup in such a way that it

fits inside the environmental chamber. All components used were small and with the

setup assembled inside the chamber there was little room left. Due to an air cylin-

der being used to control the clamping pressure the clamping mechanism took a lot

of space inside the chamber. Alternative clamping techniques can be investigated to

create more open space in the chamber after the setup is inserted.

The laser sensor measures in a straight line and when the IPMC bends too much the

distance measured is not on the same point on the actuator anymore. When conducting

tests at higher voltages where large displacements occur, there is a time where the

actuator tip is no longer in the sight of the sensor due to the bent shape. This will

limit the experiments to lower voltages or smaller displacements. Other technologies

that can give an indication of the bending might deliver more accurate results in these

conditions. A combination of sensors could also be tested but due to the limited space

this would be difficult to achieve.

The setup was easy to assemble and to adjust. Care must be taken when inserting the

IPMC into the clamp, as the contact area is small it could happen that the contact area

is smaller than required due to a miss-alignment with the clamp. The setup is easy to

use and met all necessary requirements.
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Modelling

In this chapter the model used is explained in more detail. A linear model was developed. The

implementation of the model and the parameter estimation for the model is discussed. The model

is also verified by using data from literature and a model is developed for a specific IPMC sam-

ple.

4.1 Modelling approach

To have a model is important as it can help designers to decide on the properties and

dimensions of an IPMC that will achieve the desired performance. From the literature

survey it was seen that grey box models are simple and also contain some physical

information of the phenomena inside the IPMC. As discussed in Chapter 2, many

authors use a similar model which ranges in complexity. It was decided to follow this

approach as it delivers good results with less complexity than other approaches.
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4.2 Electromechanical model

From these models it was decided to use a model similar to that presented in [18]. This

model consists of two sections namely, a non linear electrical equivalent circuit and a

linear mechanical section. A similar approach was followed and the model consists

of a linear electrical equivalent circuit where the input is the applied voltage and the

output is the absorbed current. This output is then used as an input to the electrome-

chanical section and the output is either the free tip displacement (δ(t)) or the blocked

force( f (t)) as seen in Figure 4.1.

According to [18] black box models can’t easily be used for other IPMCs and white

box models are mostly too complex for practical use or too simple to deliver accurate

predictions. Thus a grey box model is used as it can deliver good results from simple

equations that describe the understood phenomena.

The model is based on an IPMC beam that is clamped of the one side where the electri-

cal signal will be applied over the thickness of the actuator. This beam can be seen in

Figure 4.2 along with all the parameters that is required for the model. The parameters

of interest are: f the force that is applied to the sample, Lc the length of the clamped

section of the IPMC, L f the length of the free section of the IPMC, Ls the point where

the force is applied, w the width of the IPMC and h the thickness of the membrane.

In the electrical section of the model, an equivalent circuit model is used to deter-

mine the absorbed time-varying current for a time-varying voltage input. The current

produces the bending of the IPMC due of the water distribution it causes. Thus it is

Electrical model

Electro 

mechanical 

model

I(t)

F(t)

 (t)

V(t)

Figure 4.1: An overview of how the two sections of the model fit together
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f

Lf

Lc Ls

w

h

Clamp
Pt plating

Figure 4.2: A drawing of a clamped IPMC with the relevant parameters that was used

in the model

important to be able to accurately predict the absorbed current to be able to predict

the mechanical response. The current consists of a non linear static part and a dynamic

part due to the capacitive nature of an IPMC [18]. The nonlinearity is only seen at input

voltages higher than 1 V and the cause of this considered to be due to water electrolysis

which occurs at approximately 1.23 V.

For the purpose of this study the nonlinear part of the model from [18] was ignored

and the equivalent circuit used can be seen in Figure 4.3. In the model, Rdc is the

dc resistance of the IPMC, Re is the resistance of the electrode surface, RC1C1 is the

branch that reflects the fast phenomena and RC2C2 is the branch that reflects the slow

phenomena of the capacitive nature of the IPMC. For simplicity it was assumed that

the surface resistance of both electrodes are the same.

The circuit elements were introduced by physical considerations thus it is possible

to scale the lumped elements by multiplying some coefficient with the geometrical

properties of the actuator. If the electrode is studied as a layer, the surface resistance

can be written in terms of the length and width of the IPMC actuator. Re was scaled by

introducing a resistance Rs and is written as

Re =
RsLt

w
. (4.1)

Rs can be experimentally determined and the method is discussed in Section 3.2. The
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Re

Re

Rdc

Rc1 Rc2

Vin

C1 C2

Figure 4.3: A schematic representation of the equivalent circuit that is used to model

the electrical response of the IPMC

resistance Rdc which is the resistance of the actuator against a dc input and represents

the dc resistivity of the actuator (ρdc) and the geometrical properties of the actuator as

Rdc =
ρdch

(L f + Lc)w
. (4.2)

The value for ρdc can be calculated from experimental values and is explained in Sec-

tion 4.5. The resistance of the actuator against the charges involved in the fast phenom-

ena, RC1 can be described as the resistivity against charges of the fast phenomena (ρ1)

and the dimensions of the actuator

RC1 =
ρ1h

(L f + Lc)w
. (4.3)

The capacitor of the same branch (C1) can be described as

C1 =
ε1(L f + Lc)w

h
. (4.4)

Using a similar method, the resistance against the charge of the slow phenomena (RC2)
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can be described as

RC2 =
ρ2h

(L f + Lc)w
(4.5)

and the capacitance of this branch (C2) can be described as

C2 =
ε2(L f + Lc)w

h
. (4.6)

The permittivity (ε1 and ε2) and the resistivity (ρ1 and ρ2) are found through experi-

mental investigation. In order to make accurate predictions there must be a sufficient

number of RC branches. This determines the degrees of freedom available to describe

the dynamics of the actuator. In [18] it was found that two RC branches can give a good

prediction of the dynamic behaviour with a small number of parameters that need to

be identified experimentally.

The current absorbed by the IPMC causes the mechanical reaction due to the redistri-

bution of the water molecules inside the IPMC [19]. The current flowing through the

capacitive branches produce the bending of the actuator. The relationship between the

current in the RC branches (IC) and the displacement (δ) can be written as

δ

IC
=

1
s

(
3dL2

s
η(L f + Lc)wh

)(
1

1 + s2
12L4

f ρm

Γ4Yh2

)
(4.7)

where d represents the coupling between the electrical and mechanical domain and is

similar to the piezoelectric coefficient used in piezoelectricity. It can be determined by

using the expressions for the free deflection and the blocked force. Γ is the solution of

the characteristic equation of a clamped beam for the first mode and its value is known

from literature as 1.875 and ρm is the density of the IPMC. The equivalent permittivity

(η) is the electrical impedance of the RC branches and can be described as
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η =
ε1

1 + sε1ρ1
+

ε2

1 + sε2ρ2
. (4.8)

The blocked force depends on the applied voltage and the relationship between the

blocked force ( f ) and the input voltage can be written as

f
Vappl

=
f

Vin − 2Re Iin
=

3dhwY
4Ls

(4.9)

where Vappl is the voltage across the capacitive branches, Vin is the is the input volt-

age applied over the actuator and Iin is the current absorbed by the actuator. Y is the

Young’s modulus of the IPMC and as Nafion is a viscoelastic material it is not a con-

stant value and can be approximated by using the Golla-Hughes-McTravish model as

Y = Yc

(
1 + k

s2 + 2ζωs
s2 + 2ζωs + ω2

)
(4.10)

where Yc is the static Young’s modulus, k is a real constant value, ζ is the damping co-

efficient and ω is the natural frequency. It was shown in [19] that the Young’s modulus

can be seen as a constant when working at low frequencies (up to 20 Hz). IPMCs are

generally used with low frequency inputs as the water distribution is a slow response

and at higher frequencies it will have very little movement. As the frequencies that are

going to be used in this study are far below 20 Hz, the Young’s modulus was assumed

to be a constant in this model.

4.3 Simulink model

To implement the model presented in the previous section, Simulink was used as the

electrical section and the electromechanical section can be simulated in a single envi-

ronment. To create the model the electrical circuit was built in Simulink and it was

used together with (4.7) and (4.9). The model used is shown in Figure 4.4 and the com-
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ponents and Simulink blocks were all described with variables. This makes the model

easy to use for any IPMC actuator as long as the variables are declared for that specific

actuator. A script was used to set up all these parameters for a specific actuator. It was

also described in variables as the program for the parameter estimation must be able

to adjust the variables.

4.4 Verification of Simulink model

Before this model can be used in the rest on the study it is necessary to verify that the

model delivers correct results. To verify the model it was decided to use data from

literature and see if the results are similar. For this purpose the work of [1] was used.

The authors used the model from [18] and tested linear an nonlinear least square meth-

ods for parameter identification. This was one of the papers with the most information

regarding the parameters and could thus be used to test this model. The parameters

from [1] was inserted into the model and the absorbed current, the displacement and

force output was plotted and compared to that of [1]. The results were similar, the form

was correct and values differed slightly but could be due to not having all the correct

parameters that was used.

The next part that must also be verified is the ability to determine the model parame-

ters from experimental data. The steps that are used in the parameter estimation are

discussed in Section 4.5 and will not be discussed here as this section is solely for the

purpose of verifying the technique before it is used in the model. For this the simu-

lated output data from the model with the parameters from [1] was saved and used as

experimental data and will be referred to as the experimental data for the rest of this

section. The parameters were changed to random values to create a difference between

the simulated output and the experiment values. First the electrical parameters are es-

timated and the difference between the simulated and experimental absorbed current

can be seen in Figure 4.5. The parameter estimation program inside Simulink was used

to estimate the parameters and the results from the parameter estimation can be seen
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Chapter 4 Parameter estimation

in Figure 4.6. From this figure it is clear that the program can successfully estimate the

parameters to match the simulated data to the experimental data.

The next step is to determine the electromechanical coupling coefficient (d). Figure

4.7 illustrates the difference between the simulated and experimental force before the

parameter estimation is done. The parameter estimation was done and is illustrated in

Figure 4.8 and it could successfully determine the parameters to match the simulated

blocked force with the experimental blocked force. This verifies that the technique used

to estimate the parameters of the model from the experimental values is sufficient. This

is a perfect scenario that was tested and it is expected that the real experimental values

won’t be fitted with the same accuracy as there exists difficulties such as noise, back

relaxation, etc. The model can now be used and tested with real experimental values.

4.5 Parameter estimation

The next step in creating the model is to determine the parameters of the IPMC. Some

of the parameters are properties of the material that can be measured and other prop-

erties are determined experimentally. Figure 4.9 illustrates the process that must be

followed to determine all the parameters. It starts with determining all the electri-

cal parameters and then the mechanical parameters. The first step is to measure the

surface resistance of the IPMC. This is done by using the four probe method which

is explained in Section 3.2. The second step is to determine the dc resistance, which

is done by applying a dc voltage and using it together with the steady state current

drawn to calculate the dc resistance.

The third step is to use parameter estimation to determine the values of ε1, ε2, ρ1 and

ρ2 by making use of various experiments. To do this the built in parameter estimation

toolbox in Simulink was used. This allows the user to give various inputs with the

outputs measured to the program and the parameters that must be estimated are se-

lected. The program then runs the simulation with the defined inputs and compares

the outputs to the experimental ones. Parameters are adjusted until the simulated out-
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Figure 4.5: Simulated and experimental absorbed current generated with values from

[1] before parameter estimation

Figure 4.6: Simulated and experimental absorbed current generated with values from

[1] after parameter estimation
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Figure 4.7: Simulated and experimental blocked forces generated with values from [1]

before parameter estimation

Figure 4.8: Simulated and experimental blocked forces generated with values from [1]

after parameter estimation
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Measure Re
Determine Rdc 

from steady 
state current

Use parameter 
estimation to 
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ρ1 and ρ2

Determine 
density of IPMC

Determine 
Young s modulus

Use parameter 
estimation to 
determine d

Figure 4.9: Process to determine all the required parameters for the model

put matches the experimental one or the error doesn’t change with more than a pre-set

value. A 1 V step and 1 V 0.1 Hz sine wave was used for the estimation. The program

also allows the user to select experiments to validate the data. Which will be used later.

For these experiments the absorbed current was the output.

The model was developed for the Nafion N117 IPMC with a loading of 10 mgPt/cm2

in room conditions. Figure 4.10 illustrates the simulated and the experimental values

of the model when incorrect parameters were given to the model as a starting point.

Figure 4.11 illustrates the simulated and experimental outputs of the model after the

parameters were estimated. Table 4.1 shows the parameters determined.

Table 4.1: Electrical parameters for sample 2

Parameter Value
Re 8
Rdc 70.92
ρ1 0.35734
ρ2 24.2415
ε1 0.11998
ε2 0.48106
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Figure 4.10: Simulated and experimental current outputs before parameter estimation

was done

Figure 4.11: Simulated and experimental current outputs after parameter estimation

was done
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To determine the electromechanical parameters, the density of the IPMC must be de-

termined. This is done by measuring the weight of the IPMC and using it together with

the volume of the IPMC to calculate the density as seen in [20]. The Young’s modulus

is also determined from experimental values where the force of the IPMC is measured

when it is displaced at a specific distance. To do this the load cell was moved against

the membrane to displace it. The force and displacement was measured and used to

determine the stiffness of the actuator. From this the Young’s modulus was calculated.

A method similar to this was used in [20] where the load cell was used to displace the

actuator at a fixed distance. Young’s modulus can be calculated as

Y =
4L3

s
wh3

f
δ

. (4.11)

After all these parameters have been determined the electromechanical coupling coef-

ficient d can be estimated. According to [18] the structure of d that delivers the best

results is

d = Kd
s + Zd

s2 + P1ds + P2d
. (4.12)

To estimate the parameters in d, the force was measured as the output and the inputs

used for experiments were 1 V step, 1 V, 0.1 Hz sine wave. Figure 4.12 shows the

simulated and experimental output when incorrect values were used as a base. The

parameters were estimated by using the blocked force as output. Figure 4.13 shows

the simulated and experimental outputs with the estimated parameter values. The

parameters for the electromechanical section are listed in Table 4.2.

4.6 Conclusion

In this chapter the grey box model that was used to predict the behaviour of an IPMC

was described. The model consists of two parts, an electrical equivalent circuit and
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Figure 4.12: Simulated and experimental force outputs before parameter estimation

was done

Figure 4.13: Simulated and experimental force outputs after parameter estimation was

done
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Table 4.2: Mechanical parameters for sample 2

Parameter Value
ρm 3.965 × 103

Y 1.45 × 109

Kd 6.79 × 10−9

P1d 15.897
P2d 41.097
Zd 210.5

an electromechanical model. The model was implemented in Simulink and was ver-

ified with data from [1] which used a similar model. Some parameters in the model

had to be determined from experimental data and for this the parameter estimation in

Simulink was used. Simulated data was used as to verify that the parameter estima-

tion delivers sufficient results. From this the model was developed for a 30 mm x 5

mm N117 sample with a platinum loading of 10 mgPt/cm2 (see Section 5.1.2).

The model could successfully determine the electrical parameters. The model could fit

the data sufficiently to the blocked force. In Figure 4.13 the output force for a step input

follows the ramp of the simulated force and then it starts to deviate. This phenomena

is known throughout literature as back relaxation which can be seen in the force and

displacements of IPMC actuators under step voltages. When the force reaches a max-

imum all the water inside the membrane finished moving to the one side. After this

some water starts to diffuse back to its original state causing the force or displacement

to decrease gradually. As the model does not include back relaxation this deviation

was expected.
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Experiments

In this chapter the behaviour of various samples were investigated. The response of each sample

was investigated for different input voltages. The influence of input voltage, input frequency,

humidity and temperature was also investigated. Comparisons between the different samples

are made in terms of their outputs and absorbed current. The model discussed in the previous

chapter is validated with experimental results.

5.1 Characterizing IPMC

In this section different samples of IPMCs were investigated. The samples used in this

study are made from Nafion N117 and N1110. There were membranes with different

Platinum loadings (Pt thickness) namely 5, 7 and 10 mgPt/cm2. The N117 and N1110

membranes were plated with these loadings. A sample of Nafion N117 plated with

2 mgPt/cm2 supplied by HySA was also investigated. Seven different samples were

investigated in the study. First, each sample was sent for scanning electron microscope

(SEM) and transmission electron microscope (TEM) imaging to be able to determine

the thickness of the Pt electrodes. Various experiments were done on each sample to
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be able to make a comparison between samples and investigate the effect of the Pt

loading and thickness of the membranes on the behaviour. The information about the

samples that are tested can be found in Table 5.1.

5.1.1 HySA sample (sample 1)

The first sample that was investigated is a sample made from Nafion N117 and plated

with a loading of 2 mgPt/cm2 and was produced by HySA. In Figure 5.1 the surface of

the membrane can be seen. In the TEM image (Figure 5.3) the Pt electrode can be seen

and it is clear from this image that the Pt on this sample is very dense.

Figure 5.1: Typical Pt morphology by SEM on the surface of the membranes produced

by HySA

From the cross-section in Figure 5.2 the Nafion layer with Platinum electrodes can be

seen. For all the following experiments a sample of 30 mm x 5 mm was used. The dry

Table 5.1: Description of each sample that will be tested

Sample number Membrane type Pt loading
1 Nafion N117 2 mgPt/cm2

2 Nafion N117 10 mgPt/cm2

3 Nafion N117 7 mgPt/cm2

4 Nafion N117 5 mgPt/cm2

5 Nafion N1110 10 mgPt/cm2

6 Nafion N1110 7 mgPt/cm2

7 Nafion N1110 5 mgPt/cm2
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Figure 5.2: Typical Pt morphology by SEM of the membrane cross-section produced by

HySA

Figure 5.3: Typical Pt morphology by TEM of the membrane cross-section produced

by HySA

weight of the sample was measured as 90 mg and was then submerged in deionized

water for 24 hours before experiments were done. After this the weight of the hydrated

sample was measured as 107 mg.

The experiments were first done in room conditions and it was seen that the IPMC

starts to curl even with no voltage applied. A test was done to determine the rate of

this curl and create a baseline in room conditions. Figure 5.4 shows how the IPMC

curls when just clamped in the test setup. From this it was decided that the tests won’t

be done in room conditions for this sample.
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Figure 5.4: Baseline in room conditions for HySA sample

A similar approach was used to see if this effect also appears when the IPMC is kept

in a high humidity environment. Figure 5.5 shows that it is much more stable in a

high humidity and doesn’t bend significantly over a long time period. From this it

was assumed that this curl phenomenon was due to the IPMC losing water. This phe-

nomenon was not fully investigated and tests were done in a high humidity to elimi-

nate this effect from the experiments.

Figure 5.5: Baseline in 20◦C 80 %RH for HySA sample

The experiments were all done in a high humidity, namely 20◦C 80 %RH to be cer-

tain the displacement and force is the result of the applied voltage. It is known that

clamping pressure can influence the performance of the IPMC thus it was kept con-

stant throughout all the experiments. The displacement for different input signals was
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investigated first. Figure 5.6 shows the applied voltage, the absorbed current and the

tip displacement of the IPMC for a 1 V step input. The sample has a maximum tip dis-

placement of 0.55 mm and draws a peak current of 89.88 mA and a steady state current

of 3.5 mA.
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Figure 5.6: Displacement for 1 V step input for HySA sample

Figure 5.7 shows the applied voltage, the absorbed current and the tip displacement

of the IPMC for a 1 V sine wave with a frequency of 0.1 Hz input. The displacement’s

amplitude was 0.23 mm and it draws a maximum of 8.5 mA to achieve that displace-

ment. The frequency 0.1 Hz was chosen as it has a larger displacement than higher

frequencies. Throughout this chapter most of the experiments that were done with ac

signals had a frequency of 0.1 Hz. The current absorbed doesn’t have a pure sinusoidal

waveform. It is uncertain what the cause of this is. It was not seen in the other samples

that was tested. A similar waveform was seen with the 5 mgPt/cm2 samples discussed

later in this section. It might be that the lower the Platinum loading is, the more the

sinusoidal waveforms deforms.

Figure 5.8 shows the applied voltage, the absorbed current and the tip displacement

of the IPMC for a 1 V square wave with a frequency of 0.1 Hz input. The maximum
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Figure 5.7: Displacement for 1 V sine input for HySA sample

displacement was 0.28 mm and the current had a peak of 86 mA which drops to a value

of 3.3 mA.
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Figure 5.8: Displacement for 1 V square input for HySA sample
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The blocked force of the IPMC was investigated next and various input signals were

tested. From this it was seen that this sample exhibits a very low force and was difficult

to measure and to use for comparisons thus the force was measured at a higher voltage.

Figure 5.9 shows the input voltage, the absorbed current and the blocked force for a

3 V step input signal. It had a maximum value of 4 mN and the current drawn had a

peak value of 174.5 mA and a steady state value of 110 mA.
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Figure 5.9: Force for 3 V step input for HySA sample

5.1.2 N117 10 mgPt/cm2 (Sample 2)

The next sample that was investigated was a Nafion N117 membrane plated with a

loading of 10 mgPt/cm2 and was produced by an OEM. In Figure 5.10 shows the Pt on

the surface of the membrane. The thickness of the Pt electrode can be seen in Figure

5.11 which shows the cross-section of the IPMC. The TEM image in Figure 5.12 shows

the Pt layer and that it is more disperse than the sample produced by HySA.

The sample used for experiments was 30 mm x 5 mm. The surface resistance was

measured as 8Ω with the four probe method. The dry weight of this sample was 103
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Figure 5.10: Typical Pt morphology by SEM on the surface of the N117 10 mgPt/cm2

membrane

Figure 5.11: Typical Pt morphology by SEM of the cross-section of the N117 10

mgPt/cm2 membrane

Figure 5.12: Typical Pt morphology by TEM of the cross-section of the N117 10

mgPt/cm2 membrane
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mg and after it was hydrated in deionized water its weight was 113 mg. To determine

if this sample also curls in room temperature the displacement when no voltage was

applied, was measured to create the baseline shown in Figure 5.13. It does start to curl

but at a much slower rate than the previous sample. From this it was decided that tests

can be done in room conditions if the tests are kept short and the sample hydrated

between each test.
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Figure 5.13: Baseline in room conditions for N117 10 mgPt/cm2 sample

An experiment to determine the baseline in a high humidity was also done. The result

can be seen in Figure 5.14 where there is a small displacement and then the displace-

ment doesn’t change significantly. Tests can be done in this region.
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Figure 5.14: Baseline in 20◦C 80%RH for N117 10 mgPt/cm2 sample

Experiments to investigate the displacement when a voltage is applied was tested in
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room conditions first and then in a more humid environment later. This was mainly

done to be also be to create and test the model discussed in Chapter 4. In all the exper-

iments the clamping pressure was kept constant. Figure 5.15 shows the applied volt-

age, absorbed current and tip displacement when a 1 V step input was applied. The

displacement was 3.7 mm and the peak current drawn was 204.8 mA and the steady

state current was 15 mA. This sample draws significantly more current than the HySA

sample with a 2 mgPt/cm2 loading. It has a much larger displacement which makes

sense as the current reflect the ion movement which determine the displacement. The

samples will be compared in Section 5.1.8 after all samples are investigated.
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Figure 5.15: Displacement for 1 V step input for N117 10 mgPt/cm2 sample

Figure 5.16 illustrates the applied voltage, absorbed current and tip displacement when

a 1 V sine wave with a frequency of 0.1 Hz input was applied. The maximum displace-

ment was 1.43 mm and the maximum current drawn was 52.5 mA.

Figure 5.17 illustrates the applied voltage, absorbed current and tip displacement when

a 1 V square wave with a frequency of 0.1 Hz input was applied. The maximum dis-

placement was 1.8 mm and the current drawn has a peak of 180 mA and then drops to

30 mA.
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Figure 5.16: Displacement for 1 V sine input for N117 10 mgPt/cm2 sample
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Figure 5.17: Displacement for 1 V square input for N117 10 mgPt/cm2 sample

The blocked force for various inputs was investigated. In order to be able to measure

both positive and negative forces with a load cell that can only measure compression a

small preload was applied. This was also done in [20]. This preload differed between
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samples as it must be large enough that the IPMC makes contact with the load cell

at all times during the experiment. The following experiments were done in room

conditions, mainly for modelling purposes as previously stated. Figure 5.18 illustrates

the applied voltage, absorbed current and blocked force for a 1 V step input. The

blocked force of 1.3 mN was achieved while the current drawn had a peak value of

67.01 mA and a steady state value of 7 mA.
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Figure 5.18: Force for 1 V step input for N117 10 mgPt/cm2 sample

Figure 5.19 illustrates the applied voltage, absorbed current and blocked force for a 1

V sine wave with a frequency of 0.1 Hz input. The maximum force was 1.1 mN and

the maximum current drawn was 30 mA.

Figure 5.20 illustrates the applied voltage, absorbed current and blocked force for a 1

V square wave with a frequency of 0.1 Hz input. The maximum force was 1.2 mN and

the current drawn had a peak value of 105 mA and then dropped to 15 mA.

To investigate the effect that humidity has on the IPMC performance, tests were done

at different humidities and the displacement was measured. The temperature was kept

at a constant of 20◦C and the humidity was set to 60 %RH, 70 %RH and 80 %RH. Figure
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Figure 5.19: Force for 1 V sine input for N117 10 mgPt/cm2 sample
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Figure 5.20: Force for 1 V square input for N117 10 mgPt/cm2 sample

5.21 illustrates the displacement at each humidity point. The input voltage was a 1 V

step input. This figure shows that the humidity has a large effect on the displacement

between 80 %RH and 70 %RH and there is a small difference between the displace-
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ments at 70 %RH and 60 %RH. The maximum displacements at 80 %RH, 70 %RH and

60 %RH were 3.83 mm, 1.27 mm and 1 mm respectively. The exponential increase in

performance with an increase in %RH corresponds with work done in [11].
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Figure 5.21: Displacement at different humidities with 1 V step input for N117 10

mgPt/cm2 sample

As the performance of the IPMC also includes the blocked force a similar experiment

was done. In this case the blocked force was measured at each humidity point and

plotted in Figure 5.22. The input signal used was a 1 V step. Similar to what was seen

in the effect of humidity on displacement the force is significantly larger at 80 %RH

and only slightly differs between 70 %RH and 60 %RH. The maximum blocked force

at 80 %RH, 70 %RH and 60 %RH was 2.5 mN, 1.2 mN and 1 mN respectively.

The effect of voltage on the performance of the IPMC was also investigated and plotted

in Figure 5.23. In this experiment all the tests were done at 20◦C 80 %RH. The input

signals were a 1, 2 and 3 V step. The displacement increases from 1 to 2 V and 3 V has

a much larger displacement. This shows that the displacement increases exponentially

with the input voltage. This relates with what was seen in the literature.
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Figure 5.22: Force at different humidities with 1 V input for N117 10 mgPt/cm2 sample

Figure 5.23: Displacement in room conditions at different voltages for N117 10

mgPt/cm2 sample

To investigate the effect that temperature has on the displacement of the IPMC the

displacement for a 1 V step input was measured at 20, 30 and 40◦C. The humidity was

kept constant at 80 %RH. From 20 and 30 ◦C there was a large decrease in displacement.

From 30 to 40◦C the decrease was much smaller. This shows that the temperature does

not have a linear effect on the displacement

The effect of the frequency on the displacement was investigated as it has a significant

62



Chapter 5 Characterizing IPMC

0 5 10 15 20 25 30 35 40

Time (s)

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

5

D
is

pl
ac

em
en

t (
m

m
)

40C 80%RH

30C 80%RH

20C 80%RH

Figure 5.24: Displacement at different temperatures with 1 V step input for N117 10

mgPt/cm2 sample

role in the amplitude of the displacement because the water inside the membrane re-

quires time to move from one side to the other. These experiments were done in a 20◦C

80%RH environment and all the input signals were 1 V sine waves with frequencies

varying from 0.05 Hz to 1 Hz. The amplitude of the displacement was plotted against

the signal frequency in Figure 5.25. The maximum displacement decreases exponen-

tially with an increase of frequency.

Figure 5.25: Displacement in room conditions for 1 V sine inputs with different fre-

quencies for N117 10 mgPt/cm2 sample
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5.1.3 N117 7 mgPt/cm2 (Sample 3)

Figure 5.26: Typical Pt morphology by SEM of the cross-section of the N117 7

mgPt/cm2 membrane

This sample is based on Nafion N117 and is plated on both sides with 7 mgPt/cm2 and

Figure 5.26 shows the cross-section of the sample through a SEM photo. The sample’s

dimensions are 30 mm x 5 mm and the measured dry weight is 89 mg and weighs 101

mg after it was submerged in deionized water for 24 hours. First the displacement

was measured when no voltage was applied in room condition and was plotted in

Figure 5.27. From this it was seen that the displacement changes to much to do the

experiments in room condition. This experiment was repeated in an environment of

20◦C 80 %RH and is illustrated in Figure 5.28. This baseline is shows that experiments

can be done in this environment knowing that the displacement is only caused by the

voltage applied.

The first set of tests are to investigate the displacement under different input signals.

These experiments were all done at 20◦C 80 %RH and at a constant clamping pressure.

The input voltage, absorbed current and tip displacement for a 1 V step input signal

can be seen in Figure 5.29. The maximum displacement was 1.82 mm and the peak

current drawn was 88 mA and the steady state current was 7 mA. This is approximately

half of the current of the sample with the 10 mgPt/cm2 loading.

The input voltage, absorbed current and tip displacement for a 1 V sine wave with a

frequency of 0.1 Hz can be seen in Figure 5.30. The maximum displacement was 0.58
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Figure 5.27: Baseline in room conditions for N117 7 mgPt/cm2 sample
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Figure 5.28: Baseline in 20◦C 80 %RH for N117 7 mgPt/cm2 sample
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Figure 5.29: Displacement for 1 V step input for N117 7 mgPt/cm2 sample

mm and the maximum current drawn was 17.7 mA.

The input voltage, absorbed current and tip displacement for a 1 V square wave with

a frequency of 0.1 Hz can be seen in Figure 5.31. The maximum displacement was 0.8

mm and the peak current drawn was 78.71 mA and then it drops to 9.2 mA.

The blocked force was measured in 20◦C 80 %RH by setting the load cell against the

tip of the IPMC with a small preload to ensure that it makes contact the entire time.

Figure 5.32 illustrates the input voltage, absorbed current and blocked force for a 1 V

step input signal. The maximum force was 1.15 mN and the peak current was 90.7

mA and the steady state value was 6 mA. This experiment was repeated for a 3 V step

input signal to be able to better compare it with the other samples later as some of the

samples have a too low force at 1 V. The input voltage, absorbed current and blocked

force is shown in Figure 5.33. With a 3V input it has a maximum blocked force of 2 mN

and the maximum current was 113.2 mA with a steady state value of 50 mA.
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Figure 5.30: Displacement for 1 V sine input for N117 7 mgPt/cm2 sample
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Figure 5.31: Displacement for 1 V square input for N117 7 mgPt/cm2 sample
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Figure 5.32: Force for 1 V step input for N117 7 mgPt/cm2 sample
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Figure 5.33: Force for 3 V step input for N117 7 mgPt/cm2 sample
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5.1.4 N117 5 mgPt/cm2 (Sample 4)

Figure 5.34: Typical Pt morphology by SEM of the cross-section of the N117 5

mgPt/cm2 membrane

The sample that was used in the experiments in this section has a Nafion N117 base

with a Pt loading of 5 mgPt/cm2. Figure 5.34 shows the cross-section of the sample.

The sample dimensions are 30 mm x 5 mm. Its dry weight was 86 mg and after it was

hydrated in deionized water for 24 hours it weighed 99 mg.

As seen from the other samples a test to determine a baseline for the curl in room con-

ditions when no voltage is applied was tested. The baseline can be seen in Figure 5.35.

This experiment was then repeated in an environment of 20◦C 80 %RH and plotted in

Figure 5.36. All experiments done on this sample was in an environment of 20◦C 80

%RH. All experiments were done at a constant clamp pressure to ensure that it does

not influence the performance.

The tip displacement was measured for various input signals. Figure 5.37 illustrates

the input voltage, absorbed current and tip displacement for a 1 V step input signal.

The maximum displacement was 0.81 mm and the peak current was 81.98 mA with a

steady state value of 4.5 mA. The current values are similar to that of the HySA sample

and will be more suitable to compare performance between these two samples than

with the samples with a high Pt loading. Although the current drawn looks similar the

N117 5 mgPt/cm2 sample has significantly larger maximum tip displacement.
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Figure 5.35: Baseline in room conditions for N117 5 mgPt/cm2 sample
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Figure 5.36: Baseline in 20◦C 80 %RH for N117 5 mgPt/cm2 sample
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Figure 5.37: Displacement for 1 V step input for N117 5 mgPt/cm2

Figure 5.38 shows the input voltage, absorbed current and tip displacement for a 1 V

sine wave with a frequency of 0.1 Hz. The maximum displacement was 0.28 mm and

the maximum current drawn was 17 mA. The displacement is only slightly larger than

the HySA sample.

Figure 5.39 shows the input voltage, absorbed current and tip displacement for a 1 V

square wave with a frequency of 0.1 Hz. The maximum tip displacement was 0.32 mm

and the peak current has a value of 79.4 mA and drops to a value of 7 mA.

The effect that humidity has on the tip displacement was determined by measuring the

displacement for a 1 V sine wave with a frequency of 0.1 Hz at the different humidi-

ties. The humidities where experiments were done are 60 %RH, 70 %RH and 80 %RH

and the displacements are plotted in Figure 5.40. From this figure it is seen that the

displacement is larger at a higher humidity and between 70 %RH and 80 %RH there is

a more significant change in displacement than between 60 %RH an 70 %RH. This is

similar to what was seen with the 10 mgPt/cm2 sample.

The blocked force was measured in 20◦C 80 %RH and with a 1 V step input the force
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Figure 5.38: Displacement for 1 V sine input for N117 5 mgPt/cm2
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Figure 5.39: Displacement for 1 V square input for N117 5 mgPt/cm2
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Figure 5.40: Displacement for 1 V input at different humidities for N117 5 mgPt/cm2

was too low to see between the noise. Figure 5.41 shows the input voltage, absorbed

current and blocked force for a 3 V step input. From this it is clear that this sample has

a very small blocked force even at high voltages. It had a maximum blocked force of

0.5 mN and the current drawn had a peak value of 112.5 mA and a steady state value

of 24 mA.

5.1.5 N1110 10 mgPt/cm2 (Sample 5)

In this section the sample made from Nafion N1110 plated on both sides with a loading

of 10 mgPt/cm2 was investigated. The sample used was 30 mm x 5 mm and its dry

weight was 120 mg. It weighed 128 mg after it was submerged in deionized water for

24 hours. As seen from the experiments on previous samples the displacement when

no voltage is applied must first be measured in room conditions to see if the sample

can be tested in room conditions. Figure 5.42 shows this displacement. The experiment

was repeated at 20◦C 80 %RH and the displacement plotted in Figure 5.43. As seen

from these two figures the displacement of 2 mm happens over a time of 6 minutes in

room conditions and in 20◦C 80 %RH the displacement stays approximately the same.

Thus all the experiments were done in 20◦C 80 %RH.

The displacement was tested for different input voltages in 20◦C 80 %RH with a con-

stant clamping pressure. The input voltage, absorbed current and tip displacement

for a 1 V step input can be seen in Figure 5.44. The maximum displacement was 1.27
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Figure 5.41: Force for 3V step input for N117 5 mgPt/cm2
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Figure 5.42: Baseline in room conditions for N1110 10 mgPt/cm2 sample
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Figure 5.43: Baseline in 20◦C 80 %RH for N1110 10 mgPt/cm2 sample

mm and the peak current drawn was 100 mA and the steady state current was 14.1

mA. The N117 sample with the same loading has a larger displacement. The steady

state current is similar but the N1110 sample has a lower peak current than the N117

sample.

The input voltage, absorbed current and tip displacement for a 1 V sine wave with a

frequency of 0.1 Hz can be seen in Figure 5.45. The maximum displacement was 0.85

mm and the maximum current drawn was 27.5 mA

The input voltage, absorbed current and tip displacement for a 1 V square wave with

a frequency of 0.1 Hz can be seen in Figure 5.46. The maximum displacement was

1.1 mm and the peak current was 178.5 mA and then drops to 22 mA. The maximum

displacements are lower than that of the N117 sample which was as expected because

the thicker sample having an increased stiffness.

The blocked force for different input signals were measured in 20◦C 80%RH also with a

constant clamping pressure. Figure 5.47 illustrates the input voltage, absorbed current

and blocked force for a 1 V step input. The maximum blocked force was 3.7 mN and

the current drawn has a peak value of 160.4 mA and a steady state value of 13 mA.

The input voltage, absorbed current and blocked force for a 1 V sine wave with a fre-

quency of 0.1 Hz is shown in Figure 5.48. The maximum force was 1.1 mN and the
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Figure 5.44: Displacement for 1V step input for N1110 10 mgPt/cm2
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Figure 5.45: Displacement for 1V sine input for N1110 10 mgPt/cm2
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Figure 5.46: Displacement for 1 V square input for N1110 10 mgPt/cm2
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Figure 5.47: Force for 1 V step input for N1110 10 mgPt/cm2
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maximum current was 30 mA.

The input voltage, absorbed current and blocked force for a 1 V square wave with a

frequency of 0.1 Hz is shown in Figure 5.49. The maximum force was 1.6 mN and the

peak current was 170.9 mA and dropped to 19 mA.

The relationship between the input voltage and the blocked force was investigated.

The blocked force was measured in 20◦C 80 %RH for step inputs of 1, 2 and 3 V. The

maximum force for each input voltage was plotted in Figure5.50. From this it is clear

that the input voltage has a significant effect on the force. The exponential relationship

seen with the displacement is visible in these results. More voltage points and testing

it on various samples would confirm the exact relationship between the voltage and

force.

5.1.6 N1110 7 mgPt/cm2 (Sample 6)

This sample consists of Nafion N1110 and was plated on both sides with a loading of

7 mgPt/cm2 and was cut into a 30 mm x 5 mm sample. The thickness of the electrodes

can be seen in Figure 5.51. The dry weight was 105 mg and weighed 120 mg after it

was submerged in deionized water for 24 hours. As seen from previous samples the

baseline in room conditions must be measured to determine if is is possible to do ex-

periments in room conditions. This baseline is illustrated in Figure 5.52 and from this

it is seen that experiments must rather be done in a high humidity. This experiment

was then repeated at 20◦C 80 %RH and the baseline was plotted in Figure 5.53. From

this it is clear that all the experiments must be done in 20◦C 80 %RH. All experiments

were done with a constant clamping pressure to ensure this does not affect the mea-

surements.

The displacement in 20◦C 80 %RH was measured for various input signals. Figure 5.54

shows the input voltage, absorbed current and tip displacement for a 1 V step input.

The maximum displacement was 0.44 mm and the current had a peak value of 41.47

mA and a steady state value of 5 mA.
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Figure 5.48: Force for 1 V sine input for N1110 10 mgPt/cm2

0 5 10 15 20 25 30 35 40

Time (s)

-200

0

200

C
ur

re
nt

 (
m

A
) Absorbed current

0 5 10 15 20 25 30 35 40

Time (s)

-2

0

2

V
ol

ta
ge

 (
V

) Input voltage

0 5 10 15 20 25 30 35 40

Time (s)

-2

0

2

F
or

ce
 (

m
N

) Blocked force

Figure 5.49: Force for 1 V square input for N1110 10 mgPt/cm2
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Figure 5.50: Force at different voltages for N1110 10 mgPt/cm2

Figure 5.51: Typical Pt morphology by SEM of the cross-section of the N1110 7

mgPt/cm2 membrane

Figure 5.55 shows the input voltage, absorbed current and tip displacement for a 1 V

sine wave with a frequency of 0.1 Hz. The maximum displacement was 0.2 mm and

the absorbed current had a maximum of 15.1 mA.

Figure 5.56 shows the input voltage, absorbed current and tip displacement for a 1 V

square wave with a frequency of 0.1 Hz input. The maximum displacement was 0.28

mm and the absorbed current peaked at 78.97 mA and then dropped to 6.89 mA.

The blocked force was measured in 20◦C 80 %RH. Due to the small blocked force of

some of the samples the blocked force for a 3 V step input was measured to better

compare the force of the different samples. The input voltage, absorbed current and

blocked force for a 3 V step input was plotted in Figure 5.57.
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Figure 5.52: Baseline in room conditions for N1110 7 mgPt/cm2 sample
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Figure 5.53: Baseline in 20◦C 80 %RH for N1110 7 mgPt/cm2 sample
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Figure 5.54: Displacement for 1 V step input for N1110 7 mgPt/cm2 sample
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Figure 5.55: Displacement for 1 V sine input for N1110 7 mgPt/cm2 sample
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Figure 5.56: Displacement for 1 V square input for N1110 7 mgPt/cm2 sample
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Figure 5.57: Force for 3V step input for N1110 7 mgPt/cm2 sample
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5.1.7 N1110 5 mgPt/cm2 (Sample 7)

The last sample to be investigated was made from Nafion N1110 and was plated with

5 mgPt/cm2. It was cut into a sample of 30 mm x 5 mm for the following experiments.

The dry weight of the sample was 87 mg and after it was submerged in deionized

water for 24 hours it weighed 101 mg. To determine if the sample can be used in

room conditions the displacement was measured when no voltage was applied and

was plotted in Figure 5.58. The experiment was repeated in 20◦C 80 %RH and the

displacement was plotted in Figure 5.59. All the experiments were done in 20◦C 80

%RH and with a constant clamping pressure.

The displacement for different input signals was measured. In Figure 5.60 the input

voltage, absorbed current and tip displacement for a 1 V step input is illustrated. The

maximum displacement was 0.37 mm and the current drawn had a peak of 57.96 mA

and a steady state value of 2.8 mA.

Figure 5.61 shows the input voltage, absorbed current and tip displacement for a 1 V

sine wave with a frequency of 0.1 Hz. The maximum displacement was 0.08 mm and

the maximum current drawn was 11.6 mA. This sample has a very small displacement

as the N117 5 mgPt/cm2 loading also had a small displacement and the higher stiffness

makes it even smaller.

Figure 5.62 shows the input voltage, absorbed current and tip displacement for a 1 V

square wave with a frequency of 0.1 Hz. The maximum displacement was 0.12 mm

and the peak current was 58.6 mA and then it drops to 4.77 mA.

The blocked force was measured for a 3 V step input as the force at 1 V is very small

and difficult to measure. Figure 5.63 illustrates the input voltage, absorbed current and

blocked force for a 3 V step input. The maximum blocked force was 2.1 mN and the

peak current drawn was 120.4 mA with a steady state value of 26 mA.
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Figure 5.58: Baseline in room conditions for N1110 5 mgPt/cm2 sample
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Figure 5.59: Baseline in 20◦C 80 %RH for N1110 5 mgPt/cm2 sample
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Figure 5.60: Displacement for 1 V step input for N1110 5 mgPt/cm2
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Figure 5.61: Displacement for 1 V sine input for N1110 5 mgPt/cm2
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Figure 5.62: Displacement for 1 V square input for N1110 5 mgPt/cm2
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Figure 5.63: Force for 3V step input for N1110 5 mgPt/cm2
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5.1.8 Comparisons

The effect of the membrane thickness can be seen when comparing results from IPMCs

with the same Platinum loading and different thicknesses. Figure 5.64 shows the ef-

fect that the thickness has on the free displacement. Figure 5.65 shows the effect of the

membrane thickness on the blocked force. The IPMC samples used have a Platinum

loading of 10 mgPt/cm2. It is clear that a thicker membrane has a higher blocked force

and a lower displacement than a thinner membrane. This result was expected as the

thicker membrane makes the IPMC more stiff. Similar results are expected with the

IPMCs with a lower Platinum loading. The rate at which the displacement decreases

with an increase in membrane thickness is similar to the rate at which the force in-

creases with an increase in membrane thickness.

To determine the effect that the Platinum loading has on the performance of the mem-

brane, the displacement of all the different loadings of the same membrane thickness

are plotted in Figure 5.66. For this comparison the N117 samples were compared as

they have larger displacements. With the different Platinum loadings under inves-

tigation the higher loadings had larger displacements. It is expected that when the

Platinum electrode layer is too thick the trend of an increase in displacement won’t be

there anymore. It has been shown in literature that there exists an optimal electrode

thickness. The increase in displacement between the different Platinum loadings seem

linear with the exception of the difference between the 2 and 5 mgPt/cm2 samples.

This can be due to the fact that the 2 mgPt/cm2 sample has a more dense layer of Plat-

inum than the other samples. To confirm this it could be tested with a sample that has

the same amount of loading.

5.2 Validation

To validate the model the response of the model was tested for inputs that were not

a part of the parameter estimation. The parameters were estimated by using a 1 V
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Figure 5.64: Displacement of IPMCs with different thicknesses and a Platinum loading

of 10 mgPt/cm2

step and sine input and using the blocked force and absorbed current to determine

the parameters. The model was validated by comparing the model response to a 1 V

square wave and predicting the blocked force. Also predicted free displacement was

compared to the actual displacement. Figure 5.67 shows the measured and simulated

blocked force for a square wave input with a frequency of 0.1 Hz. The model can

accurately predict the blocked force under 1 V inputs. Figure 5.68 shows the simulated

and measured displacement for a 1 V step input. The maximum values correspond

but due to back relaxation, which is not included into the model, the outputs only

correspond for the first 5 seconds of the experiment. This back relaxation can also be

seen in the force output when a dc voltage is applied and thus the model also starts

to deviate from the actual measurement after a few seconds. Figure 5.69 shows the

measured and simulated displacement when a 1 V sine wave with a frequency of 0.1

Hz is applied. The form is predicted correctly but the amplitude of the measured value

is significantly lower than predicted. The displacement’s amplitude of the sine and

square waves are lower than expected for all the samples that were tested. The model’s
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Figure 5.65: Blocked force of IPMCs with different thicknesses and a Platinum loading

of 10 mgPt/cm2

predicted displacement makes more sense as the peak value is achieved at around 5

s and thus the amplitude of the square waves must be close to the maximum values

when a 0.1 Hz signal is applied. The model can thus predict the behaviour of the IPMC

actuator. More investigations can be done to find out why the measured amplitudes of

a 0.1 Hz sine and square wave are much lower than the dc amplitude.

5.3 Conclusion

In this chapter the 7 different samples were investigated. Samples varied in terms of

the Platinum loading and the membrane thickness. Samples were tested in 20◦C and

80%RH as most samples started to curl when used in room conditions. The samples

with the thickest loading where the least effected by testing in room conditions. Tests

were also done at different humidities and temperatures to investigate the effect that

it has on the response of the IPMC. It was seen that the displacement changes expo-
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Figure 5.66: Displacement of IPMCs with different Platinum loadings for a Nafion

N117 membrane

Figure 5.67: Simulated and measured force for sample 2 when a 1 V square input volt-

age is applied
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Figure 5.68: Simulated and measured displacement for sample 2 when a 1 V step input

signal is applied

Figure 5.69: Simulated and measured displacement for sample 2 when a 1 V sine input

signal with a frequency of 0.1 Hz is applied
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nentially with both the humidity and the temperature. The blocked force also has an

exponential increase with an increase in humidity. The response for different ampli-

tudes and frequencies of the input voltage were also investigated.

The effect of the Platinum loading on the IPMC samples were investigated. It showed

an approximately linear relationship, except for the difference between the 2 and 5

mgPt/cm2 samples. The effect of thickness was also investigated and showed that an

increase in thickness results in an increase in blocked force and a decrease in displace-

ment as expected. The model discussed in the previous chapter was validated with

experimental results. The model can sufficiently predict the force and displacement of

the actuator when a 1 V signal is applied. The amplitude of the predicted displace-

ment differs from the actual values for a sine wave. In all the displacement and force

outputs back relaxation can be seen. Due to back relaxation that is not included in the

model, the model can only correctly predict the first few seconds (until the peak) of the

response for step inputs.
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Conclusion

In this chapter concluding remarks from the study are made. The results from the modelling and

experimental characterization are discussed. Some recommendations for future work is given.

6.1 Discussion

This study consisted of a literature survey to see what research has been done on

IPMCs and to gain more knowledge thereof. There are a wide variety of categories in

which research has been done on IPMCs which includes improving the IPMC proper-

ties, modelling and control of IPMCs and using them in applications. In each of these

categories there are various methods that have been proposed and that have shown

successful results.

An experimental setup was designed to be able to apply a voltage signal to an IPMC

and measure the absorbed current, applied voltage, tip displacement, and the blocked

force. The main components of this setup are a data acquisition system, a load cell, a

laser displacement sensor and the IPMC clamp. The laser sensor used is a optoNCDT1420-
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25 from micro-epsilon. The load cell used is the GSO-10 from Transducer Techniques

that is used together with the LCA-RTC load cell amplifier. A clamp was manufac-

tured from aluminium. A NI cDAQ-9174 was used with the NI 9205,NI 9263 and NI

9217 modules. The experimental setup is placed inside the Espec SH-262 environmen-

tal chamber to be able to test at various temperatures and humidities.

To model the IPMC actuator a grey box model that makes use of an electrical equiva-

lent circuit was used. The model consists of two parts, an electrical equivalent circuit

and an electromechanical model. The model was implemented in Simulink and was

verified with data from literature. Some parameters in the model must be determined

from experimental data and for this the parameter estimation in Simulink was used.

Simulated data was used as to verify that the parameter estimation delivers sufficient

results. From this the model was developed for a 30 mm x 5 mm N117 sample with a

Platinum loading of 10 mgPt/cm2. The model could determine the electrical param-

eters to find a good fit to the experimental absorbed current. The model could fit the

data sufficiently to the blocked force.

Seven different samples were used throughout this study. The samples varied in terms

of the Platinum loading and the membrane thickness. Samples were tested in 20◦C

and 80 %RH as most samples started to curl when used in room conditions when no

voltage was applied. The samples with the thickest loading where the least effected by

testing in room conditions. Tests were also done at different humidities and tempera-

tures to investigate the effect that it has on the response of the IPMC. It was seen that

the displacement changes exponentially with both the humidity and the temperature.

The blocked force also has an exponential increase with an increase in humidity. The

response for different amplitudes and frequencies of the input voltage were also inves-

tigated. The effect of the Platinum loading on the IPMC samples was investigated. It

showed an approximately linear relationship, except for the difference between the 2

and 5 mgPt/cm2 samples. The effect of thickness was also investigated and showed

that an increase in thickness results in an increase in blocked force and a decrease in

displacement as expected.
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The model used in Chapter 4 was validated with experimental results. The model can

sufficiently predict the force and displacement of the actuator when a 1 V signal is

applied. The amplitude of the predicted displacement differs from the actual values

for a sine wave.

6.2 Future work

There are still many aspects of the IPMC that can be investigated further. The experi-

mental data from the effect that the environmental conditions have on the actuator can

be used to incorporate it into the model to be able to predict the behaviour in various

environments. There were some deviations in the measured data that requires further

investigations to determine the exact reason it occurs. The model can be improved by

adding the nonlinear section in the electrical equivalent circuit to be able to predict

behaviours at higher voltages correctly.

The work can be extended to investigate and model an IPMC as a sensor. If the model

is further improved, studies can be done to use the model and implement a control

system on it. The experimental setup can be used for these studies with minor changes.

The software or Matlab script used has space for improvement. Improvements like

including a GUI to make it easier to use and including real time plotting can be done.

With further studies it can be tested if is possible to create the same data acquisition

using the Labview software as it has many possibilities for a GUI. Extra features like

random signals or a signal with a changing frequency can be added as an output signal.

6.3 Conclusion

An overview and conclusion of the entire study is given in this chapter. Various results

and ideas for future work was discussed. From this study it can be seen that it is
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possible to model the behaviour of an IPMC actuator with a simple grey box model. In

this study a linear electrical equivalent circuit is used to predict the absorbed current

of the IPMC when a voltage is applied. The circuit was simplified to a linear model as

it was mainly developed for predicting the behaviour at voltages lower than 1.2 V. As

water electrolysis occurs at this voltage it introduces a nonlinear current absorption in

the actuator.

Together with the electrical equivalent circuit, equations for a clamped beam was used

to predict the force and displacement. The equations use the current calculated in the

electrical circuit together with physical parameters to determine the displacement and

force for an input voltage. Experimental data was used to determine some of the model

parameters.

Experimental data was used to validate the model. The model could sufficiently pre-

dict the behaviour of the actuator under 1 V inputs. When step input voltages were

applied back relaxation was seen in the displacement and blocked force. The model

doesn’t include back relaxation and could therefor only accurately predict the first few

seconds. The experimental output had the same ramp and when the maximum output

was reached the experimental output started to decrease where the simulated output

stayed constant.

Various lessons were learned and there are possibilities for further studies on IPMCs.

There are various ways the model can still be improved like including the nonlinear

section in the electrical equivalent circuit, including components that change with the

environmental conditions and including back relaxation into the model. The exper-

imental setup was easy to use and functional but can be improved by changing the

clamp to something smaller to have more space in the environmental chamber. Other

sensors can be added to help improve the accuracy for large displacements.
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Appendix A

Matlab scripts

A.1 Model setup

% RUN SCRIPT BEFORE SIMULATING MODEL

% physical parameters

Lt = 25e-3; %Length of unclamped part verander na lf

Lc = 5e-3; %Length of clamped part

b = 5e-3; %Width of sample

h = 0.245e-3; %Thickness of sample

Ls = Lt - 4e-3 ; %Length where measurements are taken

% electrical parameters

% Any values to start parameter estimation with

e1 = 0.1694; %permitivity of C1

e2 = 0.0285; %permitivity of C2

p1 = 104.0542; %resistivity of Rc1

p2 = 23.9488; %resistivity of Rc2

pdc = 43.862; %resistivity of Rdc
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% Measured surface resistance

Re = 8; %electrode resistance

% Determine from parameters above

R1 = pdc*h/(b*(Lt+Lc)); %dc resistance

Rc1 = p1*h/(b*(Lt+Lc)); %resistance branch 1

Rc2 = p2*h/(b*(Lt+Lc)); %resistance branch 2

C1 = (e1*b*(Lt+Lc))/h; %capacitance branch 1

C2 = (e2*b*(Lt+Lc))/h; %capacitance branch 2

% Mechanical parameters

density = 3.965e3; %density of sample

Y = 1.45e9; %Youngs modulus of sample 9.9e7 (724.36e6)

gamma = 1.875; %Solution to characteristic equation

%(1.875 for clamped-free beam)

% strain coefficient (d) parameters

% Any values to start parameter estimation with

Kd = 2.144e-7; % Gain of transfer function d

Zd = 141.66; % zero of transfer function d

P1d = 94.56; % pole 1 of transfer function d

P2d = 101.89; % pole 2 of transfer function d

A.2 Data acquisition

%create session

s = daq.createSession(’ni’);

%add input and output channels

AO0 = addAnalogOutputChannel(s,’cDAQ2Mod2’,0,’Voltage’); %9263
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AI0 = addAnalogInputChannel(s,’cDAQ2Mod1’,0,’Voltage’); %9205

AI1 = addAnalogInputChannel(s,’cDAQ2Mod1’,1,’Voltage’); %9205

%AI2 = addAnalogInputChannel(s,’cDAQ2Mod1’,2,’Voltage’); %9205

AI3 = addAnalogInputChannel(s,’cDAQ2Mod1’,3,’Voltage’); %9205

%setup channels select if load cell or laser sensor is going to be used

AI0.Range = [-0.2, 0.2]; %Absorbed current -200m - 200m V expected

AI1.Range = [-10, 10]; %laser sensor 2 - 10V expected

%AI2.Range = [-5, 5]; %load cell 0- 10V expected

AI3.Range = [-5, 5]; %Input voltage -5 - 5 V expected

%set sampling rate of session

s.Rate = 50;

%open file to log data

fid1 = fopen(’exp1.bin’,’w’); %change file name for each experiment to ensure it

%is not overwritten

%generate output data

%freq = sRate/samples in wave

%Define the output signal

%data_out = -1*linspace(1,1,500)’; %generate dc voltage

%generate sine wave frequency dependant on ratio of wave samples to sampling rate

data_out = 1*sin(linspace(0,2*pi,500))’;

%data_out = 1*square(linspace(0,2*pi,500))’; % generate square wave "

%data_out = 1*cos(linspace(0,2*pi,500))’; %gx = senerate cos wave 0.1Hz

%data_out = sawtooth(linspace(0,2*pi,500),0.5)’; % generate triangular wave "

%queue data to be sent to AO0

107



queueOutputData(s,data_out);

%create listener to read and create data

%lhI = addlistener(s,’DataAvailable’,@(src,event) plot(event.TimeStamps,

%event.Data)); live plot of data

%logging of data

lhI = addlistener(s,’DataAvailable’,@(src,event)logData(src, event, fid1));

s.NotifyWhenDataAvailableExceeds = s.Rate;

%queue data

lh = addlistener(s,’DataRequired’,@(src,event) src.queueOutputData(data_out));

s.IsContinuous = true;

%start generating and recording data

s.startBackground();

%Duration data is going to be generated and measured in s

pause(40);

%stop data

s.stop;

%close file and delete listeners

delete(lh);

delete(lhI);

fclose(fid1);

%READ DATA FROM BIN FILE

%open saved data file

fid2 = fopen(’exp1.bin’,’r’);
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%read data

[data,count] = fread(fid2,[4,inf],’double’);

fclose(fid2);

%select between ch1 and ch2 if force or displacement was measured

t = data(1,:);

ch0 = data(2,:);

ch1 = data(3,:);

%ch2 = data(3,:);

ch3 = data(4,:);

%Select if force or displacement was measured

time = transpose(t);

Current = transpose(ch0);

Volt = transpose(ch3);

Displ = transpose(ch1);

%Force = transpose(ch2);

Current = Current*1000; %Convert current measured to mA

Displ = 1*(((Displ/500)*1000)-4)/16*25; %Convert displacement measured to mm

Displ = Displ -12.3; %zero the starting displacement

% Force = 1*(Force/10)*100; % Convert voltage to Force in mN

% Force = Force - 4.48; %zero the starting force

%Comment out the unused figure when force or displacement was measured

figure;

%subplot(3,1,2);

plot(time, Current);
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title(’Absorbed current’);

xlabel(’Time (s)’);

ylabel(’Current (mA)’);

xlim([-0 40]);

ylim([-0 120]);

%figure;

%subplot(3,1,1);

plot(time, Volt);

title(’Input voltage’);

xlabel(’Time (s)’);

ylabel(’Voltage (V)’);

xlim([0 40]);

ylim([-0 2]);

figure;

%subplot(3,1,3);

plot(time, Displ);

%title(’Tip displacement’);

xlabel(’Time (s)’);

ylabel(’Displacement (mm)’);

xlim([0 40]);

ylim([-0 5]);

% figure;

% plot(time, Force);

% title(’Measured force’);

% xlabel(’Time (s)’);

% ylabel(’Force (mN)’);

% xlim([0 40]);
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% ylim([-10 10]);
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